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1. The effect of changes of dietary sodium chloride intake and posture on plasma atrial natriuretic peptide concentration and renal function was studied in 11 normal human volunteers.
2. Plasma atrial natriuretic peptide concentration was higher in the upright posture on a high than it was on a medium or low salt diet. On the medium and high but not on the low salt diet the concentration increased sipficantly on adoption of the supine posture.
3. Creatinine, sodium, lithium and fractional lithium clearances, fractional distal sodium excretion and total distal water and sodium reabsorption, which were estimated by the lithium clearance technique, were significantly higher on the high than on the low salt diet. The medium salt intake gave intermediate values.
4. Heart rate while upright was significantly higher on the low than on either the medium or the high salt diets. Systolic blood pressure was unaffected by salt intake. Diastolic blood pressure in the supine position was significantly higher on the low than on the medium or high salt diets.
5. Both plasma noradrenaline concentrations and plasma renin activity were significantly higher on the low than on the high salt diet. Values on the medium salt intake were intermediate. Plasma concentrations of both hormones were higher in the upright than in the supine posture on all three salt intakes.
6. The data are consistent with the hypothesis that atrial natriuretic peptide contributes to the Introduction Increases in right atrial pressure stimulate urinary salt and water excretion [ 11 and stimulate the secretion of atrial peptides (ANP) in animals [2, 3] . Water immersion and changes in body posture which raise right atrial pressure and increase urinary sodium excretion also increase the plasma concentration of ANP is a potent vasodilator of pre-constricted blood vessels and a natriuretic agent, at least in pharmacological doses [7] . The natriuretic effect may be mediated by its renal haemodynamic effect, an increase in glomerular filtration rate or an increase in medullary blood flow, but it is not known whether there is a direct effect on tubular sodium transport [7] . However, there are reports that infusion of ANP increases both lithium and fractional clearances, suggesting that ANP may reduce sodium reabsorption by the proximal tubule
We have previously shown that adoption of the supine posture increases both plasma ANP concentration and delivery of fluid from the proximal tubule [6] . Another method of altering extracellular fluid volume and central venous and right atrial pressures is to vary dietary intake of salt; this also alters renal excretion of sodium [lo] . We have investigated the effect of these two stimuli combined, on plasma concentrations of ANP and on proximal sodium handling as measured by lithium clearance ANP[4-61. ~~9 1 .
[ l l , 1 la]. Since ANP has also ben shown to interact with Fenin, angiotensin and noradrenaline [7] we have also monitored plasma renin activity and noradrenaline concentration as well as systemic arterial blood pressure. Preliminary data have been reported in abstract form ( [12] ; H. Bobinski, J. C.
Atherton, R. Green & L. R. Solomon, Proceedings of International Meeting on Diuretics, Sorrento, 1986).
Methods
The study was approved by the Ethical Committee of the University of Manchester, and informed consent was obtained from all subjects.
Dietary study
Eleven healthy volunteers (eight males, three females, age range 19-36 years) were studied. A low-salt diet (20 mmol/day) was provided for 19 days. Supplements of 100 mmol and 300 mmol of sodium chloride/day were given from day 1 to day 5 (medium salt) and day 13 to day 18 (high salt) respectively. No extra salt was given from day 6 to day 12 (low salt). Rapid salt depletion was induced on day 6 by a single dose of frusemide(0.5 mg/kg). Twenty-four hour urine collections were obtained for sodium, potassium and creatinine estimations, starting at 09.00 hours on the mornings of days 3,4, 9, 10, 16 and 17. Venous blood samples were collected for ANP, renin activity and noradrenaline estimation at 09.00 hours on the mornings of days 4, 5, 10, 11, 17 and 18, after a period of 5 min sitting quietly. The subjects were weighed at the same time every morning of the study.
On days 3, 9 and 16 at the same time of day the subjects lay on a tilt-table. Initially the subjects were head-up at 75" to the horizontal for 15 min, and they were then moved to the supine position at 0" for 60 min. Venous blood samples were collected for ANP estimation after 15 min upright (time 0) and 10, 30 and 60 min after tilting to the supine position, from an indwelling venous cannula which had been placed in the left arm at the start of the experiment. Plasma renin activity and noradrenaline were measured after 15 min upright and 60 min supine. Blood pressure and heart rate were measured at 5 min intervals with an automatic sphygmomanometer (Datascope Accutator 1) in the right brachial artery at the elbow with the arm beside the body.
Lithium clearance
On the evenings before days 4, 10 and 17, the subjects ingested 500 mg of lithium carbonate (Camcolit), and did not drink tea, coffee or alcohol from then until the end of the clearance study; on the morning of the test day they drank 60 ml of water hourly. They remained ambulant throughout the study. Three consecutive 2 h urine collections were started at 09.00 hours and venous blood samples were taken as 09.00, 12.00 and 15.00 hours. Lithium, creatinine and sodium concentrations were measured in all plasma and urine samples. Plasma and urinary lithium concentrations were measured by atomic absorption (Baird model alpha-3); sodiup was measured by flame photometry; plasma and urinary creatinine were measured by the Jaffi reaction.
Hormone assays
Plasma ANP concentration was measured by radioimmunoassay as previously reported [6] .
For estimation of plasma renin activity, 10 ml of venous blood was transferred to a cold tube containing 15 mg of EDTA; plasma was separated and stored at -20°C. Aliquots of plasma were incubated at pH 5.5-6.0 in the presence of excess renin substrate and a converting enzyme inhibitor, and accumulated angiotensin I (ANG I) was measured by radioimmunoassay [ 131. Results were expressed aspmolofANGIh-lml-l.
For measurement of plasma noradrenaline, 5 ml of venous blood was transferred to an ice-cold tube containing lithium heparin. Plasma was separated, frozen immediately and stored at -70°C. Noradrenaline was converted to radioactive adrenaline by addition of a tritiated methyl group from Sadenosyl-~-[methyl-~H]methionine by the enzyme phenylethanolamine-N-methyltransferase prepared from bovine adrenal glands. The generated adrenaline was absorbed on alumina, eluted into perchloric acid, extracted into toluene and counted for radioactivity [ 141. The enzymatic reaction obeys first-order kinetics, so that the quantity of labelled adrenaline is directly proportional to the quantity of noradrenaline in the sample. All the samples from each individual were assayed in the same assay, and the intra-assay coefficient of variation was 12%.
Expression of results
Clearance of creatinine (C,,), lithium ( CLi) and sodium ( CNa) were calculated by standard formulae. Whole kidney fractional excretion of sodium and water are CNa/C,, and V/C,, respectively. Since CLi (ml/min) represents the delivery of fluid from the proximal tubule to the loop of Henle [ l 13, fractional excretion of fluid from the proximal tubules is calculated as CLi/CCr and the absolute amount (ml/ , min) of fluid reabsorbed from the proximal tubule is C, , -C, ; fractional excretion of water and sodium from the distal nephron are calculated as V/CLi and cN,/cu respectively, and the absolute amounts (ml/ min) of water and sodium reabsorbed by the distal nephron are CLi -V and Cfi -CNa respectively.
Statistical analysis
Results are expressed as arithmetic means f SEM.
Statistical analysis-involving fractional clearances, plasma renin activity and plasma noradrenaline were undertaken by using log-transformed data.
Differences between means of the renal function data were compared by using two-tailed paired Student's t-tests. For ANP, plasma noradrenaline and plasma renin activity, differences between groups were assessed by three-way analysis of variance. When significant interactions were obtained further analysis was undertaken with twoway analyses of variance. When multiple comparisons were required, Neuman Keul's studentized range procedure was used. Sigruficant differences are at the 5% level unless otherwise stated.
To simplify statistical calculations, upright values for blood pressure and heart rate were averaged, and supine values were pooled to create three 20 min averages. Multivariate analysis of variance was used to determine whether there was a difference between diets and then two-way analysis of variance was applied to each 20 min period separately.
Results
Compliance with the dietary regimen was confirmed by measurements of the 24 h urinary excretion of sodium and potassium (Table 1) . Body weight was significantly lower and plasma creatinine and packed cell volume were sipficantly higher on the low salt diet than on either the medium or high salt diets (Table 1) .
Plasma ANP (Fig. I, Table 2 ). Plasma ANP concentrations increased significantly after tilting to the supine position on the medium (P < 0.001) and high (P< 0.001) but not on the low salt diet. At 0 and 10 min there was no significant difference between the mean ANP concentration on the low and medium salt diets but both the values were significantly lower than on the high salt diet. At 30 and 60 min plasma ANP concentrations on all three diets were significantly different from each other.
There were no significant differences in mean plasma ANP concentrations obtained with the subjects seated between days 4 and 5 or between days 10 and 11, or between days 17 and 18 respectively. The values on the low and medium salt intakes did not differ significantly, but both were significantly lower than those on the high salt diet ( P < 0.001).
The seated values did not differ significantly from the upright values obtained on the tilt-table during the same dietary period. Plasma noradrenaline (Table 2 ). Blood samples were available from only five subjects. Plasma con-centrations were significantly higher on the low than on either the medium or high, and significantly higher on the medium than on the high salt diet. On each diet the concentrations found with the subjects supine were significantly lower than with the subject upright.
Plasma renin activity (Table 2) . Salt'intake also significantly altered plasma renin activity in the supine, upright and seated postures. Thus the low salt diet gave the highest and the high salt diet gave the lowest plasma renin activity (P< 0.01 in all cases). Plasma renin activity was significantly lower in the supine posture than in either the upright or seated positions on all three salt intakes (P< 0.01); on the low salt diet plasma renin activity was significantly higher in the upright than in the seated position, but this did not hold on the medium or high salt diets.
Renalfinction ( Table 1 ). The means of the data from the three consecutive 2 h urine collections obtained during the lithium clearance study were calculated because there was no significant variation between them. Creatinine clearance was significantly lower on the low than on the medium or high salt diets, but did not differ between the medium and the high salt diets. Sodium excretion, lithium and fractional lithium clearances, the fractional excretion of sodium from the distal nephron and the absolute amount of both sodium and water absorbed from the distal nephron were also significantly lower on the low than on either the medium or high salt diets, and on the medium than on the high salt diet. The results suggest that more salt was filtered at the glomerulus, delivered to the distal nephron and excreted into the urine on the high than on the low salt diet. However, the absolute amount of salt reabsorbed in the proximal tubule ( Ccr-CLi) was unchanged and in the distal nephron (CLi-CNa) was actually greater on the high than on the low salt diet. The renal function changes on the medium salt intake were intermediate, with the exception that there was no significant difference in glomerular filtration rate between the high and medium salt diets.
Heart rate and blood pressure (Table 3) . Neither upright nor supine systolic nor upright diastolic blood pressures were altered by dietary salt. Supine diastolic blood pressure differed significantly between the three dietary periods (P < 0.05,0.0005 and not significant for the first, second and third 20 min periods respectively), being the highest on the low and lowest on the high salt diet. Both systolic and diastolic blood pressures were significantly (P< 0.001) higher in the upright than in the supine position on all salt intakes.
Heart rate was sipficantly lower in the supine than in the upright posture on all three salt diets ( P < 0.001). Upright values were significantly different during the three dietary periods and the highest and lowest rates were during the low and high salt diets respectively (P< 0.05)) but there were no significant differences with the subjects supine.
Discussion
Our data show that the plasma concentration of ANP in the upright posture is considerably higher on a high (320 mmol/day) than on a low (20 mmol/ day) or medium (120 mmol/day) sodium chloride diet, and that the concentration increases on assumption of the supine posture on both the TABLE 3. Effect of changes in salt intake on heart rate and bloodpressure Results are m e a n s f s~~ for systolic and diastolic blood pressure (mmHg) and heart rate (beats/min) in the upright and supine posture on the medium, low and high salt diets. Each value is the average of four readings obtained at 5 min intervals: upright, [ 151 found that plasma ANP while sitting was significantly lower on both a low (10 mmol/day) and a medium (1 50 mmol/day) than on a high (350 mmol/day) sodium chloride diet. Shenker el al. [16] reported that both standing and recumbent plasma ANP concentrations were significantly lower on a low (urine sodium 26 mmol/day) than on a medium (urine sodium 199 mmol/day) or a high salt (urine sodium 306 mmol/day) diet. However, they did not find a significant difference between upright and recumbent values, whereas we have found this consistently. The explanation for the discrepancy is not clear. We have previously shown that the reduced concentration of ANP in the upright position depends on venous pooling [6]; one possible reason for these different results is that venous pooling was greater among our subjects who were on a tilt-table than among subjects who were standing [16] . From all these studies it is clear that plasma ANP concentrations vary within the range of salt intakes commonly encountered in both western and primitive societies; and animal studies suggest that altered synthesis, storage and secretion may all contribute to the change in plasma ANP concentration
Since ANP has potent natriuretic and diuretic properties, we investigated renal sodium and water handling by using lithium clearance, which is a measure of fluid delivery to the loop of Henle and which permits the tubular sites of salt and water reabsorption to be determined [ 111. Our data suggest that normal subjects adjust to decreases in salt intake by decreasing glomerular filtration rate, both absolute and fractional delivery of sodium and water to the loop of Henle, and the fractional excretion of sodium from the distal nephron. The total amount of fluid reabsorbed by the proximal tubule remains constant and that reabsorbed by the distal nephron decreases. The greatest proportional change in fractional sodium reabsorption occurs in the distal nephron (1 -CNa/CLi), suggesting that the distal tubule plays a major role in the final regulation of sodium balance after changes in dietary salt intake. These findings are consistent with earlier work using both lithium clearance [20] and free water clearance methodology [21].
An important question is whether lithium clearance is a reliable marker of the delivery of fluid out of the proximal tubule for the range of salt intakes employed in this study. The majority of evidence suggests that it is valid in both man and rats on a medium or high dietary salt intake. In (Brattleboro) rats with hereditary diabetes insipidus maintained on a very low salt intake the urinary/plasma lithium ratio falls to or below unity and is increased by frusemide [22, 231, observations which suggest reabsorption of lithium by the distal nephron. In contrast, the urinary/plasma lithium ratio during water diuresis was not lower in normal human subjects on a wide range of salt intakes (CNa range 0.13-1.83) [24] , so distal reabsorption of lithium may be less significant in salt-restricted humans. If lithium is absorbed by the distal nephron on a low salt diet, our analysis over-and under-estimates reabsorption of salt and water by the proximal and distal tubules respectively. Although this would emphasize the role of the distal tubule in the control of sodium excretion, it would remove the necessity to postulate any involvement of the proximal tubule in the renal adaptation to alterations in dietary salt intake, an hypothesis which would not be universally accepted [25].
Intravenous administration of ANP to both man and animals also increases lithium, fractional lithium and creatinine clearances [8, 91, so that our results are consistent with, but do not establish, the hypothesis that ANP mediates some of the changes in renal function on different salt intakes.
ANP may also affect sodium handling by the kidney, and in particular the distal nephron, by inhibition of secretion of both renin and aldosterone and inhibition of the effects of angiotensin [7]. Plasma renin activity was greatest and plasma ANP was least on the low salt diet and plasma renin activity was least and plasma ANP was greatest on the high salt, which is compatible with this mechanism. However, in some experiments there was no correlation so that, for example, on moving from the upright to the supine posture during the low salt diet, plasma ANP concentrations remained unchanged, while plasma renin activity decreased; and upright and seated values for plasma renin activity were significantly higher on the low than on the medium salt diet, although plasma ANP concentrations were not significantly different. Thus the changes in plasma ANP concentration and plasma renin activity were dissociated. Since plasma noradrenaline concentration, which is a measure of sympathetic nervous activity [26] , changed in the same direction as plasma renin activity, it may be a more important determinant of plasma renin activity than ANP.
Changes in ANP secretion may contribute to the cardiovascular adaptation to different salt intakes. In our study systolic blood pressure was not affected by salt intake. This is consistent with several other reports [27-291. As salt intake increases there is a progressive increase in cardiac output, but blood pressure is maintained constant because there is a decrease in peripheral vascular resistance [28, 291. In vitro ANP antagonizes the vasoconstrictor effects of both angiotensin and noradrenaline [30] . Thus the increase in plasma A N P and the reciprocal decreases in plasma renin activity and sympathetic nervous activity, which were sustained for several days during the high salt period, may act synergistically to prevent an increase in blood pressure by their effects on vascular smooth muscle tone.
One unexpected finding was that supine diastolic blood pressure was significantly higher during the low than during the high and medium salt periods. This may have been due to higher plasma noradrenaline and angiotensin concentrations. Since A N P antagonizes their vasoconstrictor effects, low plasma A N P concentrations may permit these hormones to act unopposed.
Finally it is important to stress that volume expansion is a complex stimulus and other known factors contribute to the cardiovascular and renal changes [3 11. Thus activation of baroreceptors, atrial receptors and both rnyelinated and nonmyelinated vagal afferent fibres cause a fall in sympathetically mediated vasoconstriction and may increase salt and water excretion by inhibition of antidiuretic hormone release and the activity of renal nerves [31] . There is also some evidence for an unidentified cerebral salt wasting factor [31] , and for a circulating inhibitor of Na+, K+-ATPase [32] . Although our findings are compatible with an important role for ANP in salt and cardiovascular homoeostasis, it is not certain whether the alterations in plasma ANP concentration, which we observed, are large enough to account for the associated changes in renal function.
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